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EXECUTIVE SUMMARY
This project utilizes lab testing, lab-scale model test and numerical simulations to investigate the
impact of vertical load on the laterally loaded drilled shaft. The lab testing includes sieve analysis,
Atterberg limits, standard compaction, one-dimensional consolidation, and direct shear tests. With
well-characterized soil properties, a lab-scale model test on drilled shaft was performed in a
customized test chamber with a dimension of 1.5 m (W) × 1.8 m (L) × 1.8 m (D). A soil strata was
constructed by backfilling the test chamber with clay soil. The backfill soil was compacted to a
predetermined dry unit weight and a moisture content from 20% and 22% by using a compactor
and hand-held tamper. Compaction was conducted by lifts of equal thickness of 150 mm. Once
the soil strata were built, a drilled shaft with a diameter of 150 mm and length of 1,200 mm was
installed. The testing was conducted by applying a constant vertical load and gradually increasing
the lateral load until the lateral displacement was reached 25 mm or failure occurred. At each
increment of force, the load was maintained for up to 15 minutes to ensure a steady reading was
obtained. Applied forces and induced strain in the drilled shaft were monitored by proving ring
and strain gauges, respectively.
Followed the lab-scale model test, a numerical simulation was conducted to investigate the impact
of soil stiffness and friction angle, and drilled shaft length and diameter. The numerical simulation
was conducted in a widely used geotechnical software – FLAC3D. The soil was represented by
the modified Cam-clay model, while the drilled shaft was represented by pile-element. The
interaction between the soil and drilled shaft was modeled by an interface that had linearly-elastic
and perfectly-plastic relationship for displacement and force. The results obtained from this study
showed that the vertical load did not have a significant influence on the lateral deflection when the
lateral deflection was limited to 25 mm (one inch).

xi

1. INTRODUCTION
Since its first application in Kansas City in 1890s, drilled shafts have gradually become one of the
most commonly used deep foundation to support various transportation infrastructures, such as
bridges, retaining walls, mast arm sign, and wind walls (12). Nowadays, the annual constructed
onshore drilled shafts exceed one million linear feet in the US and is approximately 6 million lineal
feet worldwide, which accounts for billions of dollars. A large portion of the built drilled shaft are
designed to sustain significant lateral loads, induced by wind pressure, water flow, earth pressure,
ground excitation, etc. (5, 12, 87, 92).
Many design methods have been proposed to analyze and design laterally loaded drilled shafts, for
example, equivalent cantilever method (29), P-Y curve methods (9, 10, 62, 87). Since its advent,
various P-Y curves have been well developed (62, 86), as listed in Table 1 due to its simple
theoretical Beam on - Elastic Foundation (BEF). In the past few decades, extensive research has
been conducted to investigate the effect of geometry, installation and boundary condition of
pile/drilled shafts on the pile/shaft-soil interaction, which has been incorporated into improved PY curves (60, 67, 89, 100). Nowadays, the commonly used p-y curves have been incorporated into
numerical software packages, such as COM624, LPILE, and FB-Pier, to facilitate the daily design
practice of laterally loaded piles/drilled shafts.
Although there were disputes to simplify the soil/rock response with non-linear springs, numerous
field tests have verified the applicability of P-Y curves methods for both piles and drilled shafts
for many applications if the drilled shafts are simply laterally loaded (7, 37, 98). However, when
a laterally loaded drilled shaft is also subjected to vertical and/or torsional loads, the P-Y curves
do not yield a good estimation of the drilled shaft deflection. McVay et al. (67) completed a series
of centrifuge tests for model shafts considering the different shaft stiffness and construction
methods. The study concluded that the combination of lateral and torsional loads significantly
influenced the lateral resistance of a drilled shaft when subjected to combined lateral and torsional
loads. Based on the study, a recommendation was made to design a drilled shaft supporting mast
arm traffic signs. More commonly, drilled shafts, as a bridge foundation, are often subjected to
combined lateral and vertical loads. For example, during a hurricane event, the drilled shaft may
have to sustain a wind load of 160 mph. However, so far the reported results are somehow isolated
and sometimes controversial. McAulty (66), Jain et al. (47), Anagnostopoulos and Georgiadis (4)
reported a reduction of lateral deflection due to the presence of vertical loads, i.e., the drilled shaft
had a stiffer response under a vertical load. But Goryunov (38) and Chien et al. (21) disclosed an
opposite finding. Chien’s study showed that the vertical load could results in more than 50%
increase on the lateral displacement. Further studies indicated that the effect of vertical load on
the behavior of a lateralled loaded shaft depended on many factors, including sequence of loading,
soil parameters, pile-head fixity, slenderness ratio, and vertical/lateral load ratio (2, 32, 49).
Despite that the studies consistently showed the joint effect of vertical and lateral loads on a drilled
shaft, current practice considers vertical and lateral loads independently in the design, which is a
safety concern in case of an extreme event such as hurricane. This is critically important to improve
the resilience of the transportation infrastructure as the states in Region 6 are frequently struck by
Category 4 and 5 hurricanes. Thus, the primary objective of this study is to evaluate the effect of
axial load on the lateral load capacity of the drilled shaft.

1

2. OBJECTIVES
The object of this study is to investigate the possible impact of vertical loads on a laterally loaded
drilled shaft. The main objectives of this study are:
•
•

Assessing the impact of vertical loads on laterally loaded drilled shafts under different
conditions; and
Providing possible recommendations for the design.

The results of this study shall provide useful design information when laterally loaded drilled shaft
is subjected to significant vertical loads.
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3. LITERATURE REVIEW
3.1. Drilled Shaft
The drilled shaft is a type of cast-in-place pile generally having a diameter from 0.9 to 4 m (3 ft to
12 ft), which are formed by excavating a whole and fill it with or without reinforced concrete (35).
Drilled shaft foundations are primarily used to support tall and/or heavy structures such as bridge
piers, towers, buildings, and transmission towers. The main characteristics of drilled shafts are the
ability to transfer the load to stronger layers in the vertical direction and the resistance to the lateral
movement. They are particularly advantageous where enormous lateral loads from an extreme
event limit states govern bridge foundation design (i.e., vessel impact loads). Further, relatively
new developments in design and construction methods of shafts have provided considerably more
economy to their use in all settings (83). In many cases, a single drilled shaft can replace a cluster
of piles and eliminate the need (and cost) for a pile cap.
Although the drilled shaft foundations were originally developed to support heavy buildings (73),
it became one of the most popular design alternatives for the foundation of bridges. The advantages
of drilled shafts over pile foundations are outlined below (28).
• A single drilled shaft may be used instead of a group of piles and the pile cap;
• Construction of drilled shafts generates less noise and ground vibration that may cause
damage to nearby structures;
• The bell-shaped tip of the drilled shaft can resist the uplift pressures;
• The surface over which the base of the drilled shaft is constructed can be visually inspected;
and
• Drilled shafts have high resistance to both axial and lateral loads.

3.2. Types of Drilled Shaft
Drilled shafts are classified according to the ways in which they are designed to transfer the
structural load to the substratum. A drilled straight shaft extends through the upper layer(s) of poor
soil, and its tip rests on a strong load-bearing soil layer or rock (Figure 1a). Sometimes straight
shafts can also be extended into an underlying rock layer (Figure 1b). For such shafts, the resistance
to the applied load may develop from end bearing and also from side friction at the shaft perimeter
and soil interface.
A belled shaft consists of a straight shaft with a bell at the bottom, which rests on good bearing
soil. The bell can be constructed in the shape of a dome (Figure 1c), or it can be angled (Figure
1d). Due to soil condition, the drilled shaft can be constructed with casing or without casing.
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Figure 1. Types of drilled shaft (a) straight shaft, (b) straight shaft socketed into rock, and (c) and (d) belled shaft (28).

3.3. Load Transfer to Drilled Shaft
The structural loads applied to piles may be divided into two broad categories: axial loads and
lateral loads. Axial loads are those that act parallel to the longitudinal axis of the drilled shaft. In
contrast, lateral loads act perpendicular to the longitudinal axis of the drilled shaft and induce
flexural stress in the pile (24). The transfer of axial loads through the piles and into the ground is
very different from the transfer of lateral loads. Although both the axial and lateral loads act
concurrently in many cases, these two types of loading are analyzed separately.

3.3.1. Axial Load
Axial load applied to a drilled shaft is supported by toe resistance and shaft resistance along the
shaft length (80, 92), as shown in Figure 2. Kulhawy and Phoon (53) summarized the formulation
to compute the ultimate axial capacity (Pu) of a drilled shaft in compression as:
Pu = Pt + Ps – Wf

[1]

where:
Pt = toe or tip bearing resistance;
Ps = shaft resistance or skin friction resistance; and
Wf = shaft weight, which is the effective weight for drained loading or the total weight for
undrained loading.
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Figure 2. Transfer of axial loads from a drilled shaft into the ground: (a) downward loads and (b) upward loads (24).

The tip bearing resistance, Pt can be written as:
Pt = At q

[2]

where:
At = area of the tip; and
q = ultimate bearing capacity, which is very similar to the ultimate bearing pressure of a spread
footing.
Similarly, the uplift capacity of the drilled shaft (in tension), P can be written as:
P = Ps + Wf

[3]

where:
Ps = shaft resistance or skin friction resistance; and
Wf = shaft weight.

3.3.2. Lateral Load
The lateral loads applied to a drilled shaft are carried through a combination of shear and bending
stress in the pile and lateral earth pressure in the soil. Figure 3a shows the distribution of the lateral
pressure transferred from the shaft to the soil along the length of the shaft. The lateral stress around
the pile at a given cross-section depends on the magnitude of the lateral loads. When the lateral
load is zero, a uniform distribution of lateral stress occurs around the shaft (Figure 3b). As the
shear force increases, the lateral stress increases in the direction of pile displacement and decreases
on the opposite side of the pile as shown in Figure 3c.
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Figure 3. Transfer of lateral loads from a drilled shaft into the ground: (a) the vertical distribution of lateral pressure on
drilled shaft by the surrounding soil, and (b) and (c) the lateral stress around the pile at a given cross section for different
values of shear force at the top of the pile (24).

The distribution of the soil pressure depends on the sectional modulus of the shaft and the stiffness
of the soil. For a short stiff drilled shaft, the load transfer occurs along most of its length while for
a flexible long shaft, the load transfer occurs only in the upper portion of the shaft.

3.4. Axial Loading Capacity of Drilled Shaft
The load capacity of a drilled shaft depends on the tip resistance and the side friction. The tip
resistance and the side friction vary with the types of soil based on the interaction of the soil and
drilled shaft. The load capacity of a drilled shaft can be calculated based on three methods: (a)
based on static load test, (b) based on static analysis, and (c) based on dynamic analysis. All these
methods are different for cohesive soil and cohesionless soil because the interaction of the soil and
drilled shaft significantly differ for different types of soils.
A number of researchers (12, 19, 20, 26, 43, 48, 53-56, 64, 70, 73, 75, 80, 82, 90) have established
procedures to calculate the axial capacity of deep foundations with the consideration of a soil’s
stress history (pre-consolidation stress and over-consolidation ratio), the in-situ lateral stresses and
coefficient of earth pressure, undrained shear strength (total stress approach), effective friction
angle (effective stress approach). The shaft resistance of a drilled shaft can also be estimated
directly by scaling up cone penetration test (CPT) and standard penetration test (SPT) data (71).
A number of methods (3, 14, 33, 34, 36) are proposed for the evaluation of the axial capacity of
drilled shafts directly from the CPT reading. Although these methods are useful for estimating the
axial capacity of a drilled shaft, the magnitude of displacement required to achieve a given axial
resistance cannot be obtained. The load-transfer method has been developed to address this gap
and the load-transfer curves (empirical procedures), which are based on experimental data, were
proposed to evaluate the deformation of the drilled shaft (26, 27, 42, 44). Similar relationships
based on numerical techniques (15, 80) and theoretical methods (22, 23, 51, 67, 81, 84) were also
proposed. In this method, the soil reaction around the shaft and under the tip can be represented
by discrete nonlinear springs distributed along the shaft (t-z curves) and at the shaft tip (q-z curves),
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respectively, where t is unit axial shaft resistance, z is relative displacement, q is bearing stress at
toe.
A reduction in axial capacity for permanently cased drilled shafts are reported (12). Owens and
Reese (76) detailed a comparative study of cased and uncased shafts using full-scale loading tests
at several sites and reported that, in some cases, the ratio of unit shaft resistance of cased to uncased
shafts could be as low as 9%. Camp et al. (17) reported the findings of axial loading tests of three
partially cased drilled shafts where the ratio of unit shaft resistance of the cased portion to the
uncased portion was in the range of 20 to 58%. However, AASHTO (1) states that casing reduction
factors of 0.5 to 0.75 are commonly used, which is not consistent with the published field studies.

3.5. Response to Lateral Load
In order to understand the performance of drilled shafts under lateral loads, several models have
been developed to evaluate the lateral response of a soil-shaft system, such as the elastic pile and
soil model (80), the finite element (FE) or continuum soil model (13, 50, 52, 95, 99), rigid pile and
plastic soil model (9, 10), the load transfer approach using p-y curves (25, 38, 46, 62, 86), and the
strain wedge (SW) approach (6, 72).
The limitation of the elastic pile and soil model is that it is not suitable for assessing the large
deformation response of a pile in soil (96). The FM method can produce a good representation of
soil nonlinearity, but may be computationally intensive and time consuming. The rigid pile and
plastic soil model is only suitable for short piles and drilled shafts that do not exhibit significant
flexure and are constructed in a uniform deposit of soil. The SW model is developed based on a
passive wedge of soil in front of the pile, though the stress–strain relationship was developed from
limited experimental data (97).
The load transfer method is a popular design method used in practice owing to its use and
familiarity in practice and basis in full-scale experiments. However, the commonly used p-y
models for laterally loaded deep foundations were developed from specific loading tests in specific
soil deposits and for piles with a small diameter. Accordingly, these p-y curves may not be suitable
for a large diameter drilled shaft, which are known to exhibit scale effects (58, 74, 94). In addition,
the effects of soil-structure interface conditions (e.g., soil-concrete versus soil-steel interface) is
not explicitly considered; p-y curves developed for steel interfaces may not be suitable for concrete
interfaces, a possibility that would increase in significance with increases in diameter owing to the
role of shaft resistance in resisting lateral loads (58). Therefore, full-scale lateral loading tests on
the drilled shafts with and without permanent casing in similar soil condition would be helpful to
address the gap in knowledge regarding the role of interface roughness on lateral resistance.
The analysis of the capacity of drilled shafts subjected to lateral loads depends on three important
facts, which are described below:

3.5.1. Short Versus Long Drilled Shaft
Since the drilled shafts behave differently for different lengths, they are divided into two
categories: short shafts and long shafts for the analysis of the lateral load capacity. A short shaft is
the one that does not have enough embedment depth to anchor the toe against rotation, whereas a
long pile is embedded deeply enough to be essentially fixed against any rotation or lateral
displacement as shown in Figure 4. The minimum length required to be considered “long” depends

7

both on the flexural rigidity of the pile and the lateral resistance provided by the soil, and other
factors, and can range from about 5 diameters to more than 20 diameters.

Figure 4. Short versus long piles (24).

The short pile can be assumed to act as a rigid body and the soil fails before the pile reaches its
flexural structural capacity. Thus, the ultimate lateral capacity of short piles is controlled by the
soil. In contrast, the ultimate lateral strength capacity of long piles is controlled by the flexural
capacity of the pile because it fails structurally before the soil fails at deeper depths.

3.5.2. Soil Structure Interaction
Long piles can be analyzed as short pile as if they are rigidly embedded in the soil. However, it is
much better to analyze long piles in a more rigorous manner that considers the flexural rigidity of
the pile and the associated soil-structure interaction. With this model, the lateral displacements and
flexural stresses in the pile depend on the soil resistance, while the soil resistance depends on the
lateral displacement of the pile. Such analyses require considering the structural and geotechnical
aspects concurrently.
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Figure 5. Forces and deflections in a long pile subjected to lateral loads: (a) loading (M), (b) deflection (y), (c) slope(s), (d)
moment (M), (e) shear (V), and (f) soil reaction (P) (63).

The net soil reaction force, p, per unit length of the pile and the lateral pile displacement, y versus
the depth of a long pile, along with the associated shear and moment diagrams and pile rotation
(i.e., the angular displacement from the vertical) is shown in Figure 5. Near the ground surface,
the applied lateral loads induce a certain lateral deflection in the pile, which is countered by the
soil resistance and the flexural rigidity of the pile. At some depth below the ground surface, the
deflection and the soil resistance are both zero, but the rotation is not zero. Therefore, below that
depth the pile is deflected in the opposite direction, which induces soil reaction in the opposite
direction. This interaction continues with depth until all the parameters are essentially zero.
The shapes and magnitudes of these plots depend on many factors, including the type (shear and/or
moment) and magnitude of the applied loads, the resistance-deflection relationship in the soil
(known as the p-y curve), and the flexural rigidity (also known as bending stiffness).
The changes in each of these parameters with depth are defined by the principles of structural
mechanics as follows:
𝑆𝑆 =

𝑑𝑑𝑑𝑑

𝑉𝑉 =

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

[4]
𝑑𝑑𝑑𝑑

𝑑𝑑2 𝑦𝑦

𝑀𝑀 = 𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑 = 𝐸𝐸𝐸𝐸 𝑑𝑑𝑧𝑧 2
𝑝𝑝 =

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑3 𝑦𝑦

= 𝐸𝐸𝐸𝐸 𝑑𝑑𝑧𝑧 3
𝑑𝑑4 𝑦𝑦

= 𝐸𝐸𝐸𝐸 𝑑𝑑𝑧𝑧 4

[5]
[6]
[7]

where:
S = pile rotation;
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M = bending moment in the pile;
V = shear force in the pile;
p = lateral soil resistance per unit length of the pile;
E = modulus of elasticity of the pile;
I = moment of inertia of the pile in the direction of bending;
y = lateral deflection of the pile; and
z = depth below ground surface.
If the shape of one of these functions (sometimes called shear/moment/deflection profiles) is
known, through either computation or field measurements, the others may be computed by
progressive integration or differentiation with appropriate boundary condition.

3.5.3. End Restrains
The type of connection between the pile and the structure is also important because it determines
the kinds of restraint, if any, acting on the pile. These define the boundary conditions for Equations
1 to 4.

Figure 6. Types of connections between the pile and the structure: (a) free head, (b) fully restrained head, and (c) pure
rotation (24).

Three restraint conditions are usually considered to analyze the piles, which includes; (1) The free
head condition (Figure 6a), which means that the head of the pile may freely move laterally and
vertically, and may rotate when subjected to shear and/or moment loads, (2) The fixed head
condition (Figure 6b), which means that the head of the pile may move laterally and vertically, but
is not permitted to rotate, (3) The pure rotation condition (Figure 6c), which means that the pile
head is allowed to rotate, but no lateral movements are permitted at the head.

3.6. Method of Evaluation of Lateral Load Capacity
Both experimental and analytical methods are available to evaluate the lateral load capacity of
drilled shafts, and these methods range from simple to complex. These methods, combined with
the results of extensive research and the widespread availability of powerful computers, have
greatly improved our ability to analyze laterally loaded piles. The objectives of lateral load
capacity analyses generally include one or more of the following:
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(a)

Ultimate Limit States (ULS)
• Geotechnical —Determine the minimum depth of embedment required to
transfer the lateral loads into the ground while providing an adequate factor of
safety (or resistance factor) against shear failure in the soil.
• Structural —Determine the shears and moments induced in the pile by the
lateral loads and provide a sufficient structural section to resist these stresses.

(b)

Serviceability Limit States (SLS)
• Determine the lateral deflection at the head of the pile under the design lateral
loads. Buildings and other similar structures typically can tolerate no more than
7 to 20 mm of lateral deflection at the head of the pile. The maximum allowable
lateral deflection for bridges is typically between 7 and 50 mm (0.25–2.0 in)
(77).

3.6.1. Rigid Pile Analysis
This analytical solution assumes that the pile is perfectly rigid (i.e., a very high EI). Rigid analyses
may still be used to evaluate the ULS in simple short piles because the flexural distortions are
small compared to the lateral movements in the soil. However, these methods are no longer
appropriate for long piles or to evaluate the SLS (lateral deflections). Thus, this analysis method
is used primarily for single isolated piles, such as a single-post highway sign, where the axial load
is modest, the lateral load dictates the required depth of embedment, and lateral deflection does
not control the design.
Broms’ Method: To determine the minimum embedment depth, Dmin, required to satisfy the
geotechnical ULS for rigid piles, Broms (9-11) developed this analytical method. The diagram for
the deflection, soil reaction, and moment distribution for a free head short pile in cohesive soil is
shown in Figure 7. Based on these distributions, the minimum required depth of embedment, Dmin,
and the maximum moment, Mmax, can be calculated as follows:

Figure 7. Deflection, soil pressure distribution, and moment diagrams for a free-head short pile in cohesive soil (10).
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For the free head condition:

[8]
𝐹𝐹𝑉𝑉

𝑓𝑓 = 9𝑠𝑠 𝑛𝑛𝐵𝐵

[9]

𝑢𝑢

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹𝑉𝑉𝑛𝑛 (𝑒𝑒 + 1.5𝐵𝐵 + 0.5𝑓𝑓)

[10]

where:
Vn = required nominal shear load capacity;
Mn = required nominal moment load capacity;
e = Mn/Vn;
B = pile diameter;
su = undrained shear strength; and
F = factor of safety.
Similar equations have been proposed to determine the minimum required depth of embedment,
Dmin, and the maximum moment, Mmax, for rigid piles in cohesive soil where the pile head is fully
restrained (10).
The diagram for the deflection, soil reaction, and moment distribution for a free head short pile in
cohesionless soil is shown in Figure 8. Based on these distributions, the minimum required depth
of embedment, Dmin, and the maximum moment, Mmax, can be calculated from the following
equations:

Figure 8. Deflection, soil pressure distribution, and moment diagrams for a free-head short pile in cohesionless soil (9).

For the free head condition:
𝐹𝐹𝑉𝑉𝑛𝑛 =

3
0.5𝛾𝛾′ 𝐵𝐵𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝐾𝐾𝑝𝑝

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 +𝑒𝑒

𝐾𝐾𝑝𝑝 = 𝑡𝑡𝑡𝑡𝑡𝑡2 (45 + 𝜙𝜙 ′ /2)

[11]
[12]
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𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹𝑉𝑉𝑛𝑛 (𝑒𝑒 + 0.67𝑓𝑓)

[13]

[14]
where:
σ′ = effective unit weight of soil;
φ′ = friction angle; and
Kp = coefficient of passive earth pressure.
Similar equations have been proposed to determine the minimum required depth of embedment,
Dmin, and the maximum moment, Mmax, for rigid piles in cohesionless soil where the pile head is
fully restrained (9).

3.6.2. Non-Rigid Pile Analysis
The nonrigid pile analyses are more rigorous methods that consider the flexural rigidity of the
foundation, the soil’s response to lateral loads, and soil-structure interaction effects to determine
the lateral pile capacity to avoid the shortcomings of rigid pile analyses. Although more precise,
these methods are also more complex because of the various nonlinear aspects of the problem, so
there is no simple closed-form solution. Nonrigid analyses may be performed using either the finite
element method (FEM) or the p-y method.
Finite Element Method (FEM): A FEM is a numerical solution of a number of non-linear
equations (eq. 1 to 4). A FEM analysis consists of dividing the pile and the soil into a series of
small elements and assigning appropriate stress-strain properties to each element. The interface
between the pile and the soil must be defined. The analysis then considers the response of these
elements to applied loads, and uses this response to evaluate shears, moments, rotations, and lateral
deflections in the foundation numerically. The accuracy of finite element analyses depends on our
ability to assign correct engineering properties to the elements. Assigning properties of structural
materials is easy, but the stress-strain properties and the soil-structure interaction is difficult to
predict.
P-Y Method: The p-y method uses a series of nonlinear springs to model the soil-structure
interaction. This method is not as rigorous as the FEM and is easier to implement due to the
simplicity of the model. The results from this method can be calibrated with static lateral load test
results. Many software, such as LPILE from Ensoft, Inc., and FB-MultiPier that uses p-y method
are widely available. Therefore, this is the preferred method for nearly all practical design
problems.
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Figure 9. Analytical model used in the p-y method (24).

The p-y method models the drilled shafts subjected to lateral loads using a two-dimensional finite
difference analysis (89). It divides the shaft into n intervals with a node at the end of each interval,
and the soil as a series of nonlinear springs located at each node, as shown in Figure 9. The flexural
rigidity of each element is defined by the appropriate EI, and the load-deformation properties of
each spring are defined by a p-y curve. These springs are uncoupled, which means each of them
acts independently. It is also necessary to apply appropriate boundary conditions, as described
earlier. Using this information and applying the structural loads in increments, the software finds
a condition of static equilibrium and computes the shear, moment, and lateral deflection at each
interval.
Figure 10 shows a typical p-y curve, which is basically the relationship between the net soil
reaction force, p, per unit length of pile and the lateral pile displacement, y. The p-y method is best
suited for long piles because they provide clear restraint conditions at the pile toe. This method is
used to evaluate both structural and geotechnical aspects of laterally loaded piles.

Figure 10. Typical p-y curves.
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Although the concept of this method began in the late 1950s (63, 65), the full development of this
method required the development of new software and calibration from full-scale load tests. Much
of this work was performed during the 1960s and 1970s, and the method was well-established by
1980. It continues to be refined through additional research and experience. Table 1 enlists the
commonly used function to develop the p-y curves.
Table 1. Commonly used functions to develop p-y curves.

Soil Type

Reference

Required Soil Parameters

Soft clay

Matlock (63)

Stiff clay with free water

Reese, Cox, and Koch (88)

Stiff clay without free
water
Sand

Reese and Welch (86)

𝑠𝑠𝑢𝑢 , 𝛾𝛾 ′ , 𝜀𝜀50 , 𝑧𝑧

Silt and soils

Cox et al. (25); Reese et al.
(87)
Isenhower and Wang (45)

Rock

Reese and Van Impe (85)

3.7. Drilled Shaft under Combined Loads

𝑠𝑠𝑢𝑢 , 𝜀𝜀50 , 𝑧𝑧
𝑠𝑠𝑢𝑢 , 𝜀𝜀50 , 𝑧𝑧

𝜙𝜙 ′ , 𝛾𝛾 ′ , 𝑘𝑘, 𝑧𝑧

𝑐𝑐 ′ , 𝜙𝜙 ′ , 𝛾𝛾 ′ , 𝑘𝑘, 𝜀𝜀50
𝑘𝑘, 𝑧𝑧, 𝑞𝑞𝑢𝑢

Although there are numerous methods available to analyze the performance of drilled shafts under
axial loads as well as under lateral loads; however, these methods are only applicable when the
axial loads or lateral loads is applied separately. The interaction effects of the one loading on the
other are, in most cases, disregarded for the sake of simplicity (39, 101). This simplified approach
could be considered acceptable when the applied loads are relatively small, with regards to the
axial or lateral bearing capacity of a pile, given that the developed stress field on the surrounding
soil does not provoke extended soil yielding. However, when both axial and lateral actions are
approaching pile limit capacity it is rather questionable if the approach of no interaction should be
considered (59, 101).
When a laterally loaded drilled shaft is also subjected to vertical and/or torsional loads, the P-Y
curves do not yield a good estimation of the drilled shaft deflection. McVay et al. (68) completed
a series of centrifuge tests for model shafts considering the different shaft stiffness and
construction methods. The study found out that the combination of lateral and torsional loads
significantly influenced the lateral resistance of a drilled shaft.
Most of the cases, structures constructed over laterally loaded drilled shaft also carry significant
amounts of axial and/or torsional loads. For example, drilled shafts, as a bridge foundation, are
often subjected to combined lateral and vertical loads during a hurricane event in the coastal region
where the drilled shaft may have to sustain a wind load of 160 mph. The reported effect of vertical
and/or torsional loads on the performance of laterally loaded drilled shafts are somehow isolated
and sometimes controversial.
Jain et al. (47), Anagnostopoulos and Georgiadis (4), Phillips and Lehane (79) reported a reduction
of lateral deflection due to the presence of a vertical loads, i.e., the drilled shaft had a stiffer
response under vertical load. In contrast, Davisson and Robinson (30) and Goryunov (40) revealed
that the presence of vertical load increases the lateral deflection for a given lateral load.
Based on the results of pile load test, subjected to a combination of axial and lateral loading and
lateral loading only, Chien et al. (21) suggested a 35% less deflection in a laterally loaded pile
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when an axial load was applied simultaneously. The compressive stress due to the axial loading
affects the development of bending moment from the subsequent applied lateral load. The
compressive stress makes the decreasing of the bending moment.
Further studies indicated that the effect of vertical load on the behavior of a lateralled loaded shaft
depended on many factors, including sequence of loading, soil parameters, pile-head fixity,
slenderness ratio, and vertical/lateral load ratio (2, 32, 39, 49). Despite that the studies consistently
showed the joint effect of vertical and lateral loads on a drilled shaft, current practice considers
vertical and lateral loads independently in the design, which is a safety concern in case of an
extreme event such as hurricane.
Based on the results of an intensive three-dimensional parametric numerical analysis on four types
of clay soils (soft, medium stiff, stiff and very stiff clay, which are referred to as C1, C2, C3 and
C4, respectively) and three types of sandy soils (loose, medium dense and dense sand, which are
referred to as S1, S2 and S3, respectively), Zormpa and Comodromos (101) suggested that the pile
response under lateral loading is scarcely affected by the co-existence of an axial load when the
axial load is less than 90% of the ultimate axial strength (Figure 11a). More precisely the lateral
capacity decreases in the case of clayey soils when an axial load higher than 90% of the ultimate
axial strength in conjunction with the ultimate lateral load (Figure 11b).

Figure 11. Response of laterally loaded piles: (a) when axial load < 90% of the ultimate axial strength of various clayey soil
and (b) various co-existing axial loads for medium stiff clay soil (C2) (101).

On the contrary, it was revealed that the pile response under axial loading is clearly affected by
the co-existence of a lateral load. In particular, the effect is clearly unfavorable in the case of clayey
soils (Figure 12a), where soil–pile separation provokes an obvious decrease in axial pile capacity,
especially when significant lateral loading is applied. The effect becomes favorable (Figure 12b)
in the case of sandy soils, where a simultaneous action of a lateral loading yields an increase in
axial pile capacity.
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Figure 12. Response of axially loaded pile with various co-existing lateral loads: (a) in clayey soil (C2) and (b) sandy soil
(S2) (101).
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4. METHODOLOGY
This jointly utilizes lab testing, lab-scale model testing and numerical simulation to investigate the
effect of vertical load on laterally loaded drilled shaft as illustrated in Figure 13. The lab testing
was used to determine the soil properties, including gradation, Atterberg limits, maximum dry unit
weight and optimum moisture content, compressibility, and shear strength. Thereafter, a 1.5 m
(W) × 1.8 m (L) × 1.8 m (H) test chamber was built, in which a drilled shaft of 150 mm in diameter
and 1.2 m length was built and tested. The test involved applying an incrementally increased lateral
load at the drilled shaft that had a constant vertical load applied. The load was increased gradually
until the lateral deflection exceeded 25 mm (1 inch).
With the soil properties and model load test data, a numerical model was calibrated, and a
parametric study was conducted to further assess the problem. The numerical simulation was
carried out on a widely used finite difference software – FLAC3D. The soil was represented by
Modified Cam-Clay model, which a plasto-elastic model suitable for consolidated clay. In contrast,
the drilled shaft was simulated by elastic materials. The interaction between soil and drilled shaft
was mimicked by interface models. The details of the testing and simulation will be discussed
thoroughly in the following chapters.

Start
Experimental
Lab testing

Lab-scale
model test

Numerical
Model
calibration

Parametric
study

Recommendations
Figure 13. Research methodology and structure.
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5. ANALYSIS AND FINDINGS
5.1. Laboratory Testing
The soil selected for this study was dark brown cohesive soil with minimum organic content, which
was purchased from a local material supplier. The acquired soil was first classified and tested in
the geotechnical lab. The following tests were conducted for the soil as listed below and the testing
procedures would be elaborated hereafter:
•
•
•
•
•

Sieve analysis;
Atterberg limit test;
Compaction test;
Consolidation test; and
Direct Shear test.

5.1.1. Sieve Analysis
The soil was essentially cohesive soil. Sieve analysis was performed to quantify the trace amount
of sand content in the soil. To eliminate the effect of clay clumps, a wet method was adopted in
this study. The test was repeated three times to ensure a reproductivity. The results indicated that
the fine content of the soil was always higher than 85%, which meant the sand was less than 15%.

5.1.2. Atterberg Limit Test
The test was performed according to ASTM D4318 procedure to determine Liquid Limit (LL),
Plastic Limit (PL), and Plasticity Index (PI) of Soil. The liquid limit was determined using
Casagrande apparatus as shown in Figure 14. First the test sample was prepared by adding water
to 250 g of dry soil passing through No. 40 sieve. Then the prepared paste was placed in the brass
cup of the device such that the maximum depth of soil is 8 mm. The surface was made smooth
with a groove along the centerline of the cup. The cup was then set in the lift and drop motion by
rotating the crank at 2 drops per second until the two halves of groove come in contact for a
distance of 13 mm (0.5 inch). The rotation count of the crank was noted. The sample was then
mixed with more water and the steps were repeated for different water content. A small soil sample
from the cup was taken each time to determine the moisture content. The semi-log graph of
moisture content (arithmetic scale) and no. of blows (log scale) was then produced as shown in
Figure 15. The approximated a straight line, which is called the flow curve. From the straight line,
the moisture content w (%) corresponding to 25 blows was determined which is the Liquid Limit
of the soil. For this soil tested, the Liquid Limit was found to be 44 as indicated in the figure.
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Figure 14. Liquid limit test of the soil sample in Casagrande device.

Figure 15. Liquid limit test results.
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Plastic Limit is, generally, defined as the moisture content, at which a thread of soil just crumbles
when rolled to a diameter of 1/8 in. The water is mixed with the 20 g soil passing through No. 40
sieve. The several ellipsoidal shaped masses are created from the wet soil, then one of the
ellipsoidal mass is rolled with the hand on the glass plate at about 80 strokes per minute. When the
soil thread reaches the diameter of 1/8 in. the soil is broken down into several ellipsoids. This
ellipsoid is again stroked with the palm to make the thread with a diameter of 1/8 in. the soil
crumbles at that diameter (Figure 16). The Plastic Limit was found to be 26, which meant the
Plasticity Index was 18.

Figure 16. Plastic limit test: (a) Thread of soil sample crumbling at 1/8th inch dia. and (b) Weight measurement for the
moisture content of sample.

According to Unified Soil Classification System (USCS), the soil was classified as lean clay with
a ground symbol of CL. The soil was classified as A-7 according to the AASHTO soil
classification system.

5.1.3. Compaction Test
The compaction test was performed to determine the maximum dry unit weight of soils and
optimum moisture content, which would provide necessary information to prepare for the test bed.
2.5 kg of soil passing No. 4 sieve was used for standard proctor tests. Compaction was conducted
in three layers with 25 blows of standard hammer for each layer as shown in Figure 17. After the
compaction, the top attachment was removed, carefully, without breaking the soil in the bottom
mold. The excess soil was then leveled in the mold and the combined weight of mold, soil and
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base plate is recorded. The compacted soil is then driven out of the mold using a specimen extruder
and small sample of the compacted soil was collected to determine the moisture content in the soil.
The process was repeated five times to obtain the relationship between dry unit weight and
moisture content as shown in Figure 18. The graph showing dry unit weight versus water content
(%) was plotted and then the maximum dry unit weight of compaction was determined from the
graph. The optimum moisture content at 17.2kN/m3 was found to be 22.5%.

Figure 17. Proctor test: (a) Preparation of soil sample in three layers, (b) Hammer used for soil compaction, and (c)
Weighing of soil sample with compaction mold.
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Figure 18. The plot of dry unit weight vs. moisture content.

5.1.4. Consolidation Test
One-dimensional consolidation test was performed based on ASTM D2435 to determine the timedependent settlement of the saturated clayey soils when subjected to increased loading. The soil
specimen was prepared in the lab by compacting at the optimum moisture content. The brass ring
of diameter 62.5 mm (2.5 in.) was used to extract the specimen for consolidation from compacted
soil. The consolidation apparatus was setup such that the porous stone was placed on the bottom
of the consolidometer, the specimen above the porous stone and on top of the specimen another
porous stone was placed. The top ring was attached to the consolidometer and water was filled to
the top to maintain the saturation during the experiment as shown in Figure 19Figure 19. The
consolidometer was then placed on the loading device and dial gauge was adjusted to measure the
compression of soil. Then loading was done in such a way that the starting pressure was
approximately 30 kPa, which was doubled each day for a week. The dial gauge reading was done
in the specific time until 24 hours for each day of loading. The e-logp plot obtained from the
consolidation test is presented in Figure 20, from which the pre-consolidation pressure was found
to be 200 kPa. The calculated Cc and Cw are 0.18 and 0.047, respectively.
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Figure 19. One-dimensional consolidation test: (top-left) soil sample in brass ring, (bottom-left) setup of fixed ring
consolidometer, and (right) dial-gauge reading during the test.

Figure 20. The plot of void ratio versus the pressure, pressure in log scale.
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5.1.5. Direct Shear Test
The direct shear tests were performed in semi-automatic direct shear apparatus based on ASTM
D3080 as shown in Figure 21. The specimens were subjected to shear under the normal pressure
of 35, 55, 76 kPa and a constant rate of 0.005 mm/min. The specimen was first prepared with the
soil containing optimum moisture content by compaction. The compacted soil sample was then
transferred to the direct shear assembly box using extruder. The assembly was maintained in such
a way that retaining pad lied on the bottom-most layer, porous stone as the second, the soil
specimen was kept on top of the porous stone as another porous stone was kept on top of the
specimen and finally the loading pad completed the setup. The assembly box was then placed in
the testing machine under the constant vertical pressure, the assembly box is made such a way that
when shear force was applied the upper half of the box slides until the failure of the soil specimen.
Three specimens were tested to obtain the cohesion and friction of the soil as shown in Figure 22.

Figure 21. Direct shear test setup: (a) Sample compaction mold, (b) Sample for Direct shear test, (c) Sample setup for test,
and (d) Direct shear test equipment.
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Figure 22. Direct shear test results: graph of shear stress vs normal stress.

All the primary results of the lab tests are summarized in Table 2 below.
Table 2. Test results of the soil used for the experiment.

Test
Sieve analysis
Atterberg limits
Compaction
Consolidation
Direct shear

5.2. Large-Scale Testing

Results
CL, A-7
LL = 44, PL = 26, PI = 18
𝛾𝛾𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 = 17.2 KN/m3, 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 = 22.2%
𝜎𝜎𝑐𝑐 ′ = 200 kPa, 𝐶𝐶𝐶𝐶 = 0.18, 𝐶𝐶𝑟𝑟 = 0.047
𝜑𝜑 = 29o, c = 26 kPA

To test the drilled shaft subjected to combined vertical and lateral loads, a reduced scale model test
was performed in the large-scale laboratory of UTSA. This chapter describes the testing facility,
procedure and obtained data.

5.2.1. Testing Facilities and Drilled Shaft Construction
A timber test chamber was built to accommodate the testing of the loaded drilled shaft. The
chamber has an internal dimension of 1.5 × 1.8 × 1.8 m3 as shown in Figure 23 below. The chamber
was lined with polymeric fabrics to maintain the moisture inside the chamber. The construction of
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the chamber took a few steps. Three sides and bottom of the chamber were first built, fastened and
braced using beams and bolts, leaving the front side as the access, which is show in Figure 24,
while the front side was installed as the soil was backfilled into the chamber and compacted using
a hand-operated diesel compactor (Figure 25). The soil at the corner was compacted by a handheld tamper as shown in Figure 26.

Figure 23. Test chamber dimensions.
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Figure 24. Construction of test chamber.

Figure 25. Compaction of soil inside the test chamber: (a) Compaction of soil in testing chamber and (b) Compactor.
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Figure 26. Compaction of soil at corners.

As for this study, a stiff clay stratum was created inside the test chamber. The soil was designed
to compact to 85-90% of its maximum dry unit weight with a moisture content varying from ±3%
of its optimum moisture content. The compaction was conducted by 6-inch lifts to a total height
of 5 ft. For each layer, the soil was first weighed, and water was added to adjust it to the desired
level. Then, it was backfilled into the chamber and compacted to its planned height. To ensure the
uniformity of the compaction, the leveling of each compacted layer was checked by a wooden
reference beam to assure the unevenness would not be more than 13 mm (1/2 of an inch). After
compaction, the soil was covered with sheets for a week to allow the moisture to reach equilibrium
inside the soil mass.
Afterward, a drilled shaft of 125 mm (5 inches) in diameter was installed in a 1.2 m (4-feet) deep
hole, which was drilled by a motor soil auger as shown in Figure 27. Due to the vibration and
adjustment of the alignment of the auger, the diameter of the hole was slightly greater than 5
inches. The caving was removed using hand and shovel after drilling.
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Figure 27. Soil drilling: (a) Drilling the hole for the shaft and (b) The drilling auger.

Due to the difficulty of fabricating rebar cage of such a small diameter, a hollow alloy steel pipe
was used instead, which was instrumented with strain gauges at locations 300 mm, 600 mm and
900 mm measured from the tip of the pipe as shown in Figure 28. The three strain gauges, aligned
in the same vertical line, were attached to the pipe with a metal glue and then was covered by twodosage epoxy to provide protection from construction.
After the protection coating was cured for 24 hours, the metal pipe was placed in the drilled hole
as shown in Figure 29. Three metal brackets were placed at the top of the metal pipe as shown in
Figure 29, which would be used as a seat for the vertical weights. Concrete was poured after the
metal pipe was carefully centralized. To facilitate the lateral loading during testing, a square drilled
shaft head was casted utilizing wood forms as shown in Figure 29. The concrete was cured for 21
days before loading tests.

30

Figure 28. Alloy pipe and strain gauges: (a) Strain gauge and (b) Alloy pipe with strain gauge attached to it.

Figure 29. Casting of pile: (a) Placement of alloy pipe and (b) Concreting of shaft.
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5.2.2. Loading Test
The details of the loading tests of the drilled shaft are elaborated in this section, including the
methodology, equipment, and procedure.
Lateral vs. Vertical Loading: The vertical load was represented by fixed weights that was
mounted to metal brackets at the top of the shaft. In contrast, the lateral load was applied via a
hydraulic jack as shown in Figure 30.
Instrumentation: Strain gauges were attached to the metal pipe, which could provide strain
readings during the testing. The three strain gauges were faced towards the hydraulic jack, so the
strain gauges were measuring the strains at the tensile side. A proving ring with a maximum
capacity of 55 kN was connected to the hydraulic jack to acquire the applied load during the test.
A dial gauge with a measuring range up to 50 mm was fixed to the refence beam to measure the
displacement of the drilled shaft head, as illustrated in Figure 31.
Testing Procedure: The test was proceeded following the listed steps below.
•
•
•
•
•
•

Applying vertical load by loading weights gradually. The total vertical load applied was
3.1 kN and was maintained throughout this test;
Connecting all the instruments to a data logger;
Adjusting the reference beam to make the dial gauge in good contact with the drilled
shaft head;
Apply a small stroke on the hydraulic jack to make it in touch with the drilled shaft head;
Initiating all the instruments’ reading to zero; and
Applying lateral forces on the drilled shaft incrementally until failure or 25 mm
deflection. The test was performed in a force-control mode, i.e., each loading was
expected to applied a certain predetermined lateral force at the shaft, which was
approximately 1 kN.

After each increment of loading was applied, readings for all instruments were taken immediately,
at 1 minute, 5 minutes, 10 minutes, and up to 20 minutes to ensure a stable reading was reached.
The last set of readings was obtained when the drilled shaft displacement was 25 mm. Afterward,
when drilled shaft was loaded to 33 mm, the induced eccentricity resulted in collapse of the applied
weights so the test was terminated.
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Figure 30. Testing setup: (a) Vertical loading and (b) lateral loading.

Figure 31. Representation of test setup.
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5.2.3. Results and Discussion
The test data include two parts: qualitative and quantitative. When the drilled shaft was loaded to
about 12.5 mm (0.5 inches), significant surface cracking was observed as shown in Figure 32. The
crack started from the corner approximately diagonally, which propagated dramatically as the load
increased. The cracks started to form finger size openings as the lateral deflection reaches 20 mm
(4/5 inch). At the same time, the tilting of applied weight over the drilled shaft became salient as
shown in Figure 33. The tilting became intolerable and led to the collapse of the applied weights
when the lateral deflection exceeded 25 mm (1 inch).
The measured deflection is presented in Figure 34 below. The response of the drilled shaft is
significantly non-linear, which can be roughly divided from linear portions. When the applied
force was greater than 7 kN, the responses of the drilled shaft was apparently softer. The tensile
strains of the drilled shaft at different depths are presented in Figure 35, Figure 36, Figure 37,
Figure 38, and Figure 39. It is obvious that the strain measurements do not shown considerable
difference after 1 minute. The strain measurement at 300 mm from the drilled shaft was not
significantly influenced by the load, maintaining at a negligible magnitude throughout the test;
thus, it is reasonable to assert that this drilled shaft can be treated as a fixed end one. In contrast,
the strains measured at 600 mm and 900 mm from the drilled shaft tip increased with the applied
load but their patterns differed. The strain at 600 mm started to increase dramatically at the load
passed 4 kN, while that phenomenon did not happen to the strain at 900 mm until the load was
greater than 8 kN.

Figure 32. Surface cracking during testing.
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Figure 33. Inclination of drilled shaft.
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Figure 37. Load versus strain (5 minutes reading).
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5.3. Numerical Simulations
The soil used for the large-scale test was stiff to hard clay with negligible granular material; thus,
modified Cam-clay (MCC) model was selected for the numerical simulation.

5.3.1. Theory and Background
Modified Cam-Clay Model: The modified Cam-clay (MCC) model, originated from Cam-clay
model, is an incremental hardening/softening elastoplastic model based on the critical state soil
mechanics. It is featured by a particular form of nonlinear elasticity and a hardening/softening
behavior governed by volumetric plastic strain. The failure envelopes are self-similar in shape: in
the p-q plot the yield surface consists of partial eclipse and two inclined lines as shown Figure 40
and in a principal stress space, the yield surface is ellipsoids of rotation about the mean stress axis
in the principal stress space as shown in Figure 41.
Yield and Potential Functions: The yield surface of an MCC model is a function of friction angle,
corresponding to a particular value pc of the consolidation pressure has the form as shown below:
𝑓𝑓(𝑞𝑞, 𝑝𝑝) = 𝑞𝑞 2 + 𝑀𝑀2 𝑝𝑝(𝑝𝑝 − 𝑝𝑝𝑐𝑐 )

[15]

where:
1
𝑝𝑝 = 3 (𝜎𝜎1′ + 𝜎𝜎2′ + 𝜎𝜎3′ );
𝑞𝑞 = 𝜎𝜎1′ − 𝜎𝜎3′ ;
6𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙′

𝑀𝑀 = 3−𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙′; and

pc = pre-consolidation pressure.
MCC utilizes associated flow rule, which means the increment of the strain in perpendicular to the
yield surface.
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Figure 40. Yield surface of modified Cam-clay model in p-q space (modified from online sources).

Figure 41. Yield surface of modified Cam-clay model in principal stress space (modified from online sources).

Strain Increments Law: During normal consolidation or unloading-reloading situation, total
strain is calculated based on either normal consolidation line or swelling line, which are
characterized by their slopes, κ and λ, as shown in Figure 42. With a defined reference pressure
and volume, the strain due to pressure, p, can be calculated:
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𝑝𝑝

𝜐𝜐 = 𝜐𝜐𝜅𝜅 − 𝜆𝜆𝜆𝜆𝜆𝜆 𝑝𝑝

[16]

1

where:
υκ = the specific volume at the reference pressure p1.

Figure 42. Normal consolidation or recompression lines.

However, when changes of pressure lead to cross different swelling lines as shown in Figure 43,
the induced strain is calculated using an incremental form:
∆𝜐𝜐 𝑝𝑝 = −(𝜆𝜆 − 𝜅𝜅)

Δ𝑝𝑝𝑐𝑐
𝑝𝑝𝑐𝑐

[17]

Strain Hardening Rule: According to Eq. (1), the size of yield curve is dependent on the
consolidation pressure, pc, which expands due to the compression. Thus, the consolidation
pressure constantly updates based on the increment of the plastic volumetric strain as shown in
Equation 18:
𝜐𝜐

𝑝𝑝𝑐𝑐𝑁𝑁 = 𝑝𝑝𝑐𝑐 (1 + Δ𝜖𝜖𝑝𝑝𝑝𝑝 𝜆𝜆−𝜅𝜅)

[18]
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Figure 43. Plastic volume change corresponding to an incremental consolidation pressure change.

Structural Elements: The drilled shaft was simulated by pile element, which is a slender
structural element in FLAC3D. The drilled shaft was discreted into a number of segments as shown
in Figure 44(a). The pile segments interacted with adjacent segment via nodes that defined the
freedom/fixity of the pile segment at the node as shown Figure 44(b). For this study, considering
the continuity of the drilled shaft, at each node the pile segment transmitted 6 movements (3
translations and 3 rotations) to the connected segment though the shared node to ensure
compatibility. At the tip and head of the drilled shaft, the movements were defined by boundary
conditions such as applied load or constraint.
The interaction between pile and soil was achieved by interfaces, which stipulate the how the
forces were transferred between drilled shaft and soil and how the drilled shaft responded to the
forces. Basically, the shear force was transferred through a frictional rule as illustrated by Figure
45(a). The caused relative movement between the drilled shaft and soil was linearly related to the
shear force at the interface until failure was reached. The post-failure displacement was defined
by a perfect plastic formulation Figure 45(a). The failure criteria at the interface was governed by
Mohr-Coulomb rules as shown in Figure 45(b). For this study, the tension was assumed to be zero.
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Figure 44. Pile elements: (a) Discreted pile and (b) Pile element interaction at nodes.

Figure 45. Pile-soil interface model: (a) Force-displacement relationship at interface and (b) Failure criteria.

Load and Boundary Conditions: In this model, the vertical load was simulated by a dead force,
which was applied at the head of the drilled shaft. Initially, the vertical force was along the
longitudinal axis of the drilled shaft and moved together with the drilled shaft head when it
deflected. In other words, the drilled shaft head was set free for both translation and rotation. The
lateral force was applied through a displacement control mode, i.e., at each stage a pre-determined
displacement was incurred.
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5.3.2. Model Calibration
A model calibration was performed using the lab test and lab-scale model testing data that was
presented in Section 5.1 and 5.2 of this report. The weight at the drilled shaft head was represented
by a constant force in the simulation. The lateral force was applied via a constant velocity, i.e., in
a displacement control mode. The compaction of soil was simulated by assigning appropriate preconsolidation pressure and specific volume, which were calculated from the density of the
compacted soil. Figure 46 compares the force vs. displacement curve obtained from model test
and numerical simulation, respectively. It can be seen that the numerical simulation well captured
the behavior of drilled shafts with only insignificant deviation. This comparison validates the
adequacy of the numerical model, which would be used for a parametric study.
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Figure 46. Comparison of test and numerical simulation results.

5.3.3. Parametric Study
A parametric study was performed to assess the effect of vertical load on a laterally loaded drilled
shaft under different soil conditions and drilled shaft geometries. The parameters used in the
parametric study are listed in Table 3 below. The soil properties were chosen to fit into the range
of soft to very stiff clay and drilled shaft geometries were also within the range that commonly
used in practice.
The numerical simulation was carried on in four steps as shown in Figure 47. First, a soil strata
was created with a predetermined pre-consolidation pressure. Then a drilled shaft was built, and a
vertical load was applied to induce 6 mm (a quarter inch) settlement. Finally, a lateral load was
applied at the drilled shaft head to force it to move up to 25 mm (one inch) laterally. For each of
the case simulated, a counterpart case without vertical load was simulated for comparison purpose.
The development of force and lateral deflection was recorded. Figure 48 shows the stress and
settlement contours obtained from the numerical simulation.
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Table 3. Parametric Study for the numerical modelIng.

Investigate Factors
Pile length (m)
Pile diameter (m)
Normal friction angle (o)
Slope, (Normal Consolidation line), 𝜆𝜆*
Note: 𝜆𝜆* = Cc/ln10

Values
6*, 9, 15
0.9*, 1.2, 1.5
26, 28, 30*
0.013, 0.026*, 0.237

Figure 47. Simulation procedure: (a) Creation of soil layer, (b) Creation of pile structure in the soil, (c) Application of
compressive vertical load on pile tip, and (d) Application of lateral load to the tip of the pile.
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Figure 48. Stress and settlement contour: (a) Stress contour and (b) Settlement contour.

5.3.4. Results and Discussions
The numerical results are summarized in terms of the lateral force needed to result in 25 mm lateral
deflection with and without vertical loads, which are presented in this section. Some of the detailed
force vs. deflection curves for each of the case simulated are presented in Appendix A at the end
of this report.
According to Figure 49, Figure 50 and Figure 51, it appears that the vertical load has an
insignificant impact on a laterally loaded drilled shaft. For different lengths of drilled shaft
investigated, with a presence of vertical load, it requires a little more lateral force to induce 25 mm
lateral deflection compared with the case without vertical load. In other words, the vertical load
plausibly plays a positive role to assist the laterally loaded drilled shaft to reduce the lateral
deflection slightly. This phenomenon can be explained as the constraint effect of vertical load at
the drilled shaft head. When vertical load is applied at the drilled shaft, it imposes a certain
constraint to the shaft head to prevent it from moving freely, which is similar to what is shown in
Figure 6. This finding is consistent with some studies that claimed the vertical load made drilled
shaft stiffer when subjected to lateral forces. However, in this study, constraint effect, in general,
is insignificant and less than 10% compared with the case without vertical loads.
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Figure 49. Effect on a 6 m drilled shaft: (a) Effect of soil friction angle, (b) Effect of soil stiffness, and (c) Effect of drilled
shaft diameter.
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Figure 50. Effect on a 9 m drilled shaft: (a) Effect of soil friction angle, (b) Effect of soil stiffness, and (c) Effect of drilled
shaft diameter.
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Figure 51. Effect on a 9 m drilled shaft: (a) Effect of soil friction angle, (b) Effect of soil stiffness, and (c) Effect of drilled
shaft diameter.
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6. CONCLUSIONS
This project jointly utilizes lab testing, lab-scale model load testing and numerical simulation to
investigate the effect of vertical load on the laterally loaded drilled shaft under various soil
condition and drilled shaft geometries. Based on the results of this study, the following conclusions
can be drawn:
•
•

•
•

•

When the lateral deflection is not significant, the vertical load does not have a significant
impact on the lateral deflection, which means vertical load shall not be a concern for a
laterally loaded drilled shaft if the vertical load is not excessively high;
The vertical load applied at the drilled shaft head appears to behave similarly to a certain
constraint to the drilled shaft; therefore, with the vertical load, the drilled shaft lateral
deflection can be slightly reduced. This conclusion only applies to the situation that the
lateral displacement is within a certain limit (for example, 1 inch) in this study. Once the
lateral displace becomes enormous, the eccentricity of the vertical load creates significant
moment that leads to an accelerated collapse;
Under various soil condition and drilled shaft geometry, the effect of vertical load in
general is less than 10%, which can be ignored in the design;
Under lateral loading, surface cracking was observed and separation between the drilled
shaft and the surrounding soil became salient at 25 mm (1 inch) displacement. These
induced cracking and separation could significantly deteriorate the lateral capacity under
cyclic loading; and
According to the data acquired in this study, the effect of the lateral deflection seemed to
be limited to the top 2/3 of the tested shaft. Thus, the findings of the study may not be
applicable to short drilled shafts.

This study limits the lateral deflection of the drilled shaft up to 25 mm (one inch); thus, the
conclusions drawn here do not apply to situations, under which very large lateral deflection is
expected. In addition, this study did not consider the fixity of the shaft head and the effect of the
scale needs to be further validated.
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APPENDIX A: DEFLECTION VS. LATERAL FORCE
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Figure A1. Effect on a 6 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.237 and friction
angle 26o.
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Figure A2. Effect on a 6 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.237 and friction
angle 28o.
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Figure A3. Effect on a 6 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.237 and friction
angle 30o.
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Figure A4. Effect on a 6 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 26o.
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Figure A5. Effect on a 6 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 28o.
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Figure A6. Effect on a 6 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 30o.
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Figure A7. Effect on a 6 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.237 and friction
angle 26o.
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Figure A8. Effect on a 6 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.013 and friction
angle 28o.

63

200
Vertial & lateral loading
lateral laoding

Force, KN

150

Poly. (Vertial & lateral
loading)
Poly. (lateral laoding)

100

50

0
0

0.005

0.01
0.015
Displacement, m

0.02

0.025

Figure A9. Effect on a 6 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.237 and friction
o
angle 30 .
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Figure A10. Effect on a 9 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.237 and friction
angle 26o.
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Figure A11. Effect on a 9 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.237 and friction
angle 28o.
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Figure A12. Effect on a 9 m drilled shaft having diameter 0.9 m in soil with normal consolidation line of 0.237 and friction
angle 30o.
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Figure A13. Effect on a 9 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 26o.
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Figure A14. Effect on a 9 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 28o.
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Figure A15. Effect on a 9 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 30o.
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Figure A16. Effect on a 9 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 26o.
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Figure A17. Effect on a 9 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 28o.
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Figure A18. Effect on a 9 m drilled shaft having diameter 1.5 m in soil with normal consolidation line of 0.013 and friction
angle 30o.
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Figure A19. Effect on a 15 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 26o.
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Figure A20. Effect on a 15 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 28o.
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Figure A21. Effect on a 15 m drilled shaft having diameter 1.2 m in soil with normal consolidation line of 0.026 and friction
angle 30o.
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